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We identify PICH (Plk1-interacting checkpoint
‘‘helicase’’), a member of the SNF2 ATPase
family, as an interaction partner and substrate
of Plk1. Following phosphorylation of PICH on
the Cdk1 site T1063, Plk1 is recruited to PICH
and controls its localization. Starting in prome-
taphase, PICH accumulates at kinetochores
and inner centromeres. Moreover, it decorates
threads that form during metaphase before
increasing in length and progressively diminish-
ing during anaphase. PICH-positive threads
connect sister kinetochores and are dependent
on tension, sensitive to DNase, and exacer-
bated in response to premature loss of cohe-
sins or inhibition of topoisomerase II, suggest-
ing that they represent stretched centromeric
chromatin. Depletion of PICH causes the se-
lective loss of Mad2 from kinetochores and
completely abrogates the spindle checkpoint,
resulting in massive chromosome missegrega-
tion. These data identify PICH as a novel essen-
tial component of checkpoint signaling. We
propose that PICH binds to catenated centro-
mere-related DNA to monitor tension develop-
ing between sister kinetochores.
INTRODUCTION
The regulation of cell division is based on two posttransla-
tional mechanisms, protein phosphorylation and prote-
olysis. Prominent mitotic kinases are cyclin-dependent
kinase 1 (Cdk1) and members of the Polo and Aurora
families (Nigg, 2001; Barr et al., 2004; Vagnarelli and Earn-
shaw, 2004). M phase proteolysis largely depends on the
anaphase-promoting complex/cyclosome (APC/C). This
multiprotein ubiquitin ligase regulates both sister chroma-
tid separation and mitotic exit (Peters, 2002; Pines, 2006).
Sister chromatid separation requires the removal of cohe-sin proteins (Haering and Nasmyth, 2003) as well as dec-
atenation of DNA by topoisomerase II (Shamu and Murray,
1992; Yanagida, 1995). In vertebrates, cohesins are re-
moved from chromosome arms during prophase as a
result of phosphorylation (Losada et al., 2002; Sumara
et al., 2002). However, centromere-associated cohesin
is protected by a type 2 phosphatase in complex with shu-
goshin (Sgo1) (Kitajima et al., 2006; Riedel et al., 2006;
Tang et al., 2006) so that its removal depends on cleavage
by separase, similar to the situation in yeast (Uhlmann
et al., 2000).
The activation of separase depends on the destruction
of securin by the APC/C, which in turn is controlled by
the spindle assembly checkpoint (SAC). This checkpoint
monitors the correct bipolar attachment of chromosomes
to microtubules (MTs) and thus ensures that replicated
sister chromatids are distributed equally to daughter cells
(Cleveland et al., 2003; Li and Nicklas, 1995; Musacchio
and Hardwick, 2002; Pinsky and Biggins, 2005; Stern
and Murray, 2001). Genetic and biochemical data concur
to demonstrate essential functions for several proteins,
notably Mad1, Mad2, Bub3, and the protein kinases
Bub1, BubR1, and Mps1, in SAC signaling. How these
proteins cooperate to inhibit the APC/C remains to be fully
understood, but most models emphasize a key role of
Mad2 in the inhibition of the APC/C accessory protein
Cdc20 (Mapelli et al., 2006; Yu, 2006). Elegant microma-
nipulation studies indicate that the APC/C-inhibitory
SAC signal is generated at kinetochores (KTs) that have
not yet undergone proper bipolar attachment (Li and
Nicklas, 1995; Rieder et al., 1995). Although changes in
the phosphorylation state of KT-associated proteins
have been correlated with checkpoint activity status
(Nicklas et al., 1995), the molecular source of the inhibitory
SAC signal remains unknown. There is evidence that the
SAC somehow ‘‘senses’’ the tension that develops be-
tween sister KTs upon bipolar attachment (Nicklas et al.,
1995; Rieder et al., 1994), but where and how this tension
is monitored remain to be understood.
In vertebrates, Polo-like kinase 1 (Plk1) performs several
important functions throughout M phase of the cell cycle,
including the regulation of centrosome maturation and
spindle assembly, the removal of cohesins fromCell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 101
Figure 1. Characterization of a Mitotic Interaction Partner of Plk1
(A) Schematic illustration of subdomains within ORF FLJ20105 (PICH), as predicted by Scansite and BLAST analyses on NCBI databases. Numbers
refer to amino acid residues (see also Figure S1C).
(B) Evolutionary conservation of the PICH family domain (PFD). Amino acid residues are indicated using single-letter code, and numbers refer to
their positions. Dark and light gray indicate conservation and conservative substitutions, respectively. A putative consensus is indicated below
the alignment.
(C) Immunoprecipitations with mouse anti-Plk1 or 9E10 anti-myc antibodies were performed from nocodazole-arrested HeLa cells and probed by
western blotting with antibodies against the indicated proteins.
(D) Immunoprecipitations with rabbit anti-PICH or preimmune antibodies were performed from nocodazole-arrested HeLa cells and probed by west-
ern blotting with antibodies against the indicated proteins.
(E) The electrophoretic mobility of PICH in SDS-PAGE was assayed by western blotting performed on interphase (aph, aphidicoline-arrested) or
mitotic (noc, nocodazole-arrested) lysates. The latter lysates were pretreated for 30min with or without calf intestinal phosphatase (CIP). The mitotic
status was assayed by monitoring cyclin B levels. Equal loading is shown by detection of a-tubulin.chromosome arms, the inactivation of APC/C inhibitors,
and the regulation of mitotic exit and cytokinesis. (Barr
et al., 2004). Concomitantly, Plk1 localizes to centro-
somes and spindle poles, KTs, the central spindle, and
the postmitotic bridge. These localizations depend on
the C-terminal noncatalytic domain of Plk1 (Jang et al.,
2002; Seong et al., 2002), the so-called Polo-box domain
(PBD) (Elia et al., 2003). The PBD mediates the recruitment
of Plk1 to proteins that have been ‘‘primed’’ by phosphor-
ylation at appropriate sites, notably sites that conform to
a consensus S-pS/pT-P/X motif (Elia et al., 2003), thus
providing an elegant mechanism for controlling Plk1 ac-
tivity in time and space (Lowery et al., 2005).
Here we report the identification of human PICH, a pre-
dicted DNA-dependent ATPase, as a novel Plk1-PBD
binding partner and Plk1 substrate. Our data demonstrate
that PICH is regulated by Plk1 and represents an essential
component of the SAC in human cells. Its properties and
localization during mitotic progression lead us to propose102 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.that PICH associates with catenated centromeric DNA,
where it may act as a tension sensor to monitor the bipolar
attachment of sister KTs.
RESULTS
Identification of PICH
To search for mitotic proteins regulated through recruit-
ment of Plk1, we used the Plk1-PBD in a Far Western li-
gand binding assay (Neef et al., 2003). This approach,
combined with mass spectrometry, identified ORF
FLJ20105 as a candidate binding partner of human Plk1
(see Figures S1A–S1C in the Supplemental Data available
with this article online). The N-terminal half of ORF
FLJ20105 harbors a predicted catalytic domain, charac-
terized by a DEXH domain, including Walker A and B mo-
tifs, and a HELICc domain (Figure 1A), which identifies this
protein as an SNF2 class ATPase of the superfamily 2 hel-
icases (Eisen et al., 1995; Flaus et al., 2006). In its N and C
termini, ORF FLJ20105 also contains so-called tetratrico-
peptide repeats (TPRs), which are known to mediate pro-
tein-protein interactions (Lamb et al., 1995). As we dem-
onstrate below, ORF FLJ20105 is not only a binding
partner and substrate of Plk1 but also essential for SAC
signaling. Thus, in the following, we refer to it as PICH
(Plk1-interacting checkpoint ‘‘helicase’’).
Comparative sequence analyses revealed a conserved
motif closely associated with the helicase domain of PICH
(Figure 1B) that appears to be specific for PICH orthologs.
Hence, we refer to this signature motif as the PICH family
domain (PFD) (Figure 1A). Database searches focused on
the PFD (Figure 1B) revealed PICH orthologs in verte-
brates and plants (e.g., Arabidopsis and rice) as well as
in a nonvertebrate chordate (Ciona), the slime mold Dic-
tyostelium, and the single-cell eukaryotic parasite Ent-
amoeba, but not in yeast or typical invertebrate model
organisms (Drosophila and Caenorhabditis).
To confirm the interaction between Plk1 and PICH, spe-
cific antibodies were raised against PICH (Figures S2A
and S2B) and used in reciprocal immunoprecipitation
experiments performed on nocodazole-arrested cells
(Figures 1C and 1D). As shown by western blotting, en-
dogenous PICH could readily be detected in Plk1 immu-
noprecipitates (Figure 1C; see also Figure S1A), and en-
dogenous Plk1 was present in PICH immunoprecipitates
(Figure 1D). The two proteins were not brought down by
control antibodies, and other mitotic proteins analyzed
(Hec1 and BubR1) were not detected in Plk1 or PICH
immunoprecipitates, supporting the specificity of the
PICH-Plk1 interaction (Figures 1C and 1D).
PICH Is a Mitotic Binding Partner and Substrate
of Plk1
To study the cell-cycle regulation of the PICH-Plk1 inter-
action, myc-PICH and FLAG-Plk1 were coexpressed in
HEK293T cells, and reciprocal coimmunoprecipitation/
western blotting experiments were performed on asyn-
chronously growing and M phase (nocodazole-arrested)
cells. PICH-Plk1 complex formation could readily be
observed in M phase but not interphase samples
(Figure S2C), suggesting a requirement for an M phase-
specific modification of PICH, most likely a priming phos-
phorylation (Elia et al., 2003). Indeed, PICH isolated from
nocodazole-arrested cells displayed a phosphatase-sen-
sitive retardation in electrophoretic mobility (Figure 1E;
see also Figure S2A), and a progressive increase in
PICH mobility was seen upon release of cells from noco-
dazole arrest (Figure S2E). Thus, PICH is phosphorylated
during mitosis as long as Cdk1 activity persists but un-
dergoes dephosphorylation as cells exit mitosis.
Mass spectrometric analysis of the PICH-Plk1 complex
isolated from M phase cells identified threonine 1063 as
a prominent phosphorylation site in PICH (Figure S1D).
This residue is part of an evolutionarily conserved STPK
motif, suggesting that phosphorylation by Cdk1 might
transform it into a PBD-binding site (Elia et al., 2003).
When recombinant Cdk1 was used for in vitro kinaseassays, it phosphorylated both wild-type (WT) PICH and,
to a lesser extent, a mutant PICH (T1063A) (Figure 2A,
middle panel), indicating that T1063 is a Cdk1 phosphor-
ylation site, albeit not the only one. Next, we used a Far
Western ligand binding assay (Neef et al., 2003) to test
the ability of recombinant PBD to bind PICH with or with-
out prior phosphorylation by Cdk1 (Figure 2A, bottom
panel). Whereas WT PICH showed virtually no PBD bind-
ing without prephosphorylation by Cdk1, strong PBD
binding was seen after phosphorylation. In the case of the
T1063A mutant, PBD binding was strongly reduced, albeit
not completely abolished, even after prephosphorylation
by Cdk1. These results identify T1063 as a major priming
site for Plk1-PBD binding to PICH.
To determine whether the Cdk1-induced recruitment
of Plk1 to PICH converts PICH into an efficient Plk1
substrate, sequential kinase assays were performed
(Figure 2B). Recombinant WT and T1063A PICH proteins
were incubated with or without Cdk1 in the presence of
unlabeled ATP before samples were split and incubated
with [g-32P]ATP with or without Plk1. Phosphorylation of
PICH incubated with only [g-32P]ATP was minimal, pre-
sumably reflecting residual Cdk1 activity (Figure 2B, mid-
dle panel). Likewise, Plk1-dependent phosphorylation of
both WT and T1063A PICH was minimal in the absence
of prior exposure to Cdk1 (Figure 2B, bottom panel). In
striking contrast, the sequential exposure of PICH to
Cdk1 and Plk1 resulted in strong phosphorylation of WT
PICH but only weak phosphorylation of the T1063A mu-
tant (Figure 2B, bottom panel). Thus, PICH is an excellent
substrate of Plk1, provided that it has been primed for
Plk1-PBD binding through phosphorylation at T1063.
PICH Colocalizes with Plk1 at Kinetochores
Immunofluorescence microscopy was used to examine
the subcellular localization of PICH in HeLa cells. Anti-
PICH antibodies produced weak, mostly cytoplasmic
staining of interphase cells but strong staining of the KT re-
gion on mitotic chromosomes (Figure 2C). KT staining was
confirmed by colocalization with Hec1, and specificity
was demonstrated by siRNA-mediated knockdown of
PICH (Figure S2D). To assess the extent of codistribution
between PICH and Plk1, the two proteins were labeled si-
multaneously in telomerase-immortalized (hTert) RPE-1
cells (Figure 2D). In prophase cells, PICH staining was dif-
fuse even though Plk1 could already be seen at KTs, indi-
cating that PICH is not required for the initial KT recruit-
ment of Plk1. PICH and Plk1 then colocalized at KTs
from prometaphase through anaphase, but no colocaliza-
tion was seen at spindle poles, the central spindle, or the
postmitotic bridge, arguing against PICH interactions with
MTs. Most remarkably, PICH often stained striking threads
in between separating chromosome masses. This staining
was particularly obvious in anaphase cells (Figure 2D), and
its significance will be addressed further below. Identical
results were obtained in all cell types analyzed (RPE-1,
HeLa, MCF-7, COS-7, and U2OS) and were confirmedCell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 103
Figure 2. Biochemical and Cytological Evidence for PICH-Plk1 Interaction
(A) In vitro kinase assays were performed with Cdk1-cyclin B (or buffer for control) and the indicated proteins as substrates before samples were
subjected to SDS-PAGE. Coomassie blue staining (CBB) and autoradiography show protein loading (top panel) and phosphorylation ([32P]; middle
panel), respectively. The arrow marks MBP-PICH. In parallel, a Far Western ligand blotting assay was performed with GST-PBD (bottom panel), dem-
onstrating that efficient PBD binding to PICH requires Cdk1 phosphorylation on threonine 1063.
(B) Sequential kinase assay. MBP-PICH-His WT or T1063A proteins (500 ng) were preincubated for 1 hr at 30C in a total volume of 40 ml with or with-
out Cdk1-cyclin B (200 ng) in the presence of unlabeled ATP (1 mM). All samples were then split equally and incubated for 30 min at 30C with either
[g-32P]ATP alone (middle panel) or [g-32P]ATP and Plk1 (bottom panel). Samples were then resolved by 7.5% SDS-PAGE and subjected to autora-
diography. Equal protein loading is shown by Coomassie blue staining (top panel). The arrow marks MBP-PICH.
(C) PICH localization in HeLa cells was determined by immunofluorescence microscopy. Cells were fixed with paraformaldehyde and permeabilized
with Triton X-100 before incubation with affinity-purified rabbit anti-PICH antibody (0.5 mg/ml) followed by secondary antibody. Scale bar = 10 mm.
(D) Double immunofluorescence microscopic analysis of asynchronously growing RPE-1 cells, comparing the localization of PICH and Plk1 at differ-
ent mitotic stages. Merged images show Plk1 in green, PICH in red, and DNA (DAPI staining) in blue. The arrow marks a typical PICH-positive thread in
an anaphase cell. Scale bar = 10 mm.104 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.
by transient expression of GFP-tagged PICH (Figure 3Ba;
data not shown).
Regulation of PICH Localization
We asked whether PICH localization might be controlled
by Plk1 or vice versa. No significant effects on Plk1 local-
ization were observed in response to PICH depletion (data
not shown). However, when Plk1 was depleted by siRNA
(Figures 3Ac and 3C), PICH staining spread from the KT
region to chromatid arms (compare Figures 3Ad and
3Ab), with similar results in all cell types analyzed (data
not shown). This suggested that Plk1 normally prevents
PICH from associating with chromatid arms. When
GFP-PICH was expressed at low levels, it remained con-
centrated at KTs, similar to the endogenous protein
(Figure 3Ba). However, expression at higher levels re-
sulted in the spreading of GFP-PICH to chromatid arms,
suggesting that excess PICH could override the restrain-
ing influence of Plk1 (Figure 3Bb). Whenever PICH was
present on chromatid arms, its localization was very sim-
ilar to that of topoII, a marker of chromatid axes (Earnshaw
et al., 1985; Gasser et al., 1986; data not shown). To rule
out that Plk1 depletion caused an accumulation of PICH
protein, PICH levels were compared in Plk1-depleted
and nocodazole-arrested cells, as well as in cells depleted
of the kinesin-related motor Eg5 (which results in a similar
mitotic arrest). As shown by western blotting, Plk1 deple-
tion did not cause an accumulation of PICH (Figure 3D).
Instead, the electrophoretic mobility shift of mitotic
PICH was lost upon depletion of Plk1 (but not depletion
of Eg5), indicating that it depends on Plk1 activity
(Figure 3D).
To strengthen the conclusion that Plk1 prevents PICH
from associating with chromatid arms, two types of co-
transfection experiments were performed. First, cells
were depleted of Plk1 using a small hairpin plasmid
(shRNA) and cotransfected with rescuing plasmids en-
coding different versions of Plk1 (Hanisch et al., 2006).
As summarized in Figure 3E, only WT Plk1 was able to re-
store the typical concentration of endogenous PICH at
KTs, whereas PBD and kinase mutants were unable to in-
terfere with arm localization. The catalytic domain alone
produced an intermediary phenotype, suggesting that
PICH could also be phosphorylated and regulated by an
excess of unbound Plk1 activity. In a complementary ex-
periment, WT or T1063A mutant GFP-PICH proteins
were coexpressed in U2OS cells with either myc-Plk1
T210D (constitutively active) or myc-Plk1 K82R (inactive).
Only the constitutively active Plk1 was able to prevent
GFP-PICH from spreading to chromatid arms, and this
regulation required the presence of the PBD docking site
on PICH (Figure S3). Collectively, these data demonstrate
that the recruitment of Plk1 to PICH and the ensuing phos-
phorylation regulate the localization of PICH on mitotic
chromosomes.
Structural requirements for PICH localization were also
examined by expressing various PICH proteins in U2OS
cells (Figures 3F and 3G). GFP-PICH localized to bothKTs and chromatin arms, provided that the extended heli-
case domain (including the PFD motif) was present (Fig-
ures 3Ga, 3Gc, and 3Ge). In contrast, a PICH mutant com-
prising only residues 1–632 showed a diffuse association
with chromatin (Figure 3Gb). A mutant carrying the Walker
A consensus motif (GKT) altered to AAA showed no chro-
matin association at all but distributed throughout the cell
and occasionally formed large aggregates (Figure 3Gd,
asterisk). Counterstaining of cells transfected by WT
PICH with anti-Plk1 antibodies revealed that Plk1 was
recruited to PICH over chromatin arms (Figure 3Gf).
Similarly, the Walker A mutant (GKT to AAA) caused exten-
sive sequestration of Plk1 to both the cytoplasm and
the PICH aggregates (Figure 3Gi). In contrast, mutants
lacking the C-terminal PBD-binding domain (M1 and
M2) or carrying a mutation in T1063 (M4) were unable to
affect Plk1 localization (Figures 3Gg, 3Gh, and 3Gj). These
data demonstrate that an intact PICH helicase domain,
including the extended PFD domain, is critical for PICH
localization and confirm that Plk1 interacts with PICH
in vivo.
Evidence for Centromere Localization of PICH
As shown by colocalization with Hec1, a marker of the
outer KT plate (Ciferri et al., 2005; DeLuca et al., 2005),
and borealin, a marker of the inner centromere (Vagnarelli
and Earnshaw, 2004), PICH associated mostly with inter-
nal KT structures and the centromeric region (Figure S4B).
Moreover, as mentioned above (Figure 2D), anti-PICH
antibodies stained conspicuous threads in mitotic cells.
PICH-positive threads were seen with four different rat
and rabbit anti-PICH antibodies and different fixation con-
ditions (data not shown), and they were present in all cells
examined, both nontransformed (Figure 4A) and trans-
formed (Figure S4A). As summarized in Figure 4A, numer-
ous short PICH-positive threads could be seen already in
metaphase cells where they connected the Hec1-positive
KTs of nearly all sister chromatids (Figure 4Aa). As cells
progressed through anaphase (Figures 4Ab and 4Ac),
the threads became progressively longer, and concomi-
tantly, their number diminished so that they were absent
by telophase (Figure 4Ae). Occasionally, though, long
threads could still be seen to connect Hec1-positive KTs
in late anaphase cells (Figure 4Ad). Figure 4D shows a
quantitative analysis of the length of these threads, along
with their frequency, in cells at representative mitotic
stages.
To examine a possible relationship between PICH-pos-
itive threads and lagging chromosomes, we increased the
frequency of chromosome segregation errors by siRNA-
mediated depletion of Mad2, Bub1, or BubR1. This inter-
ference with SAC function did not reveal any obvious
relationship between PICH-positive threads and lagging
chromosomes (Figure 4B and data not shown). Next, we
considered the possibility that PICH-positive threads rep-
resent stretched chromatin extending between sister KTs.
If this were the case, one would predict that the premature
removal of centromeric cohesins should enhance threadCell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 105
Figure 3. PICH Localization Requires the Extended Helicase Domain and Is Regulated by Plk1
(A) HeLa cells were treated with a siRNA duplex specific for Plk1 or GL2 for control before PICH and Plk1 were localized by immunofluorescence. Note
spreading of PICH to chromatid arms in absence of Plk1. Scale bar = 10 mm.
(B) Overexpression of GFP-PICH in HeLa cells at low (upper panel) and high (lower panel) expression levels. Note spreading of excess PICH to chro-
matid arms. The asterisk denotes a GFP-PICH aggregate that was frequently observed in these transfections.
(C) Effective depletion of Plk1 from HeLa cells by 48 hr siRNA treatment is shown by western blotting. a-tubulin levels provide a loading control.
(D) PICH mobility, but not abundance, is regulated by Plk1. Western blotting was used to compare levels and electrophoretic mobility of endogenous
PICH protein in lysates of Plk1- or Eg5-depleted cells as well as nocodazole-arrested cells (top row). Efficient depletion of Plk1 and Eg5 by siRNA is
documented below, and equal loading is shown by probing for a-tubulin (bottom row).
(E) Rescue experiments confirm the role of Plk1 in determining PICH localization. HeLa cells were cotransfected with Plk1 or GL2 control shRNA plas-
mids and the indicated myc-tagged Plk1 constructs. Cells were fixed after 48 hr, and cotransfected cells were analyzed for PICH arm/KT localization.
Histogram summarizes the results of three independent experiments (n = 150–170); bars indicate standard deviations.
(F) Schematic illustration of different GFP-PICH constructs analyzed in (G). M1–M4 refer to the same mutants in both (F) and (G).106 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.
Figure 4. PICH Localizes to Centromeric Threads Connecting Sister KTs
(A) Immunofluorescent staining of PICH-positive threads (red) during mitotic progression, from left (prometaphase) to right (late anaphase/telophase),
documenting progressive lengthening and concomitant loss of threads. KTs are costained with antibodies against Hec1 (green). DAPI staining for
DNA is shown below. Scale bar = 10 mm.
(B) To induce lagging chromosomes, HeLa cells were subjected to Mad2 siRNA (36 hr) before costaining with anti-PICH antibodies (red) and CREST
anti-KT serum (green). DNA in the same cell was stained by DAPI (right panel); notice lack of colocalization between PICH-positive thread (asterisk)
and lagging chromosome (arrow). Scale bar = 10 mm.
(C) To induce premature sister chromatid separation, HeLa cells were subjected to Sgo1 siRNA (48 hr) and then stained with antibodies against PICH
and CenP-B to visualize PICH-positive threads (red) and KTs (green), respectively. DNA was stained with DAPI (right panel). Scale bar = 10 mm.
(D) Quantification confirms that PICH threads are progressively stretched and resolved during anaphase (see Supplemental Data).
(E) HeLa cells were treated for 36 hr with Sgo1 siRNA, incubated for 30 min with either paclitaxel (0.58 mM) or DMSO solvent before fixation and per-
meabilization, and stained for CREST (green) and PICH (red). DNA was stained by DAPI (right panels). Note that PICH-positive threads disappeared in
response to paclitaxel. Scale bar = 10 mm.formation. Indeed, when premature loss of centromere
cohesion was induced by siRNA-mediated depletion of
Sgo1 (Salic et al., 2004), a massive enhancement of PICH-
positive threads was seen (Figure 4C). These threadsreached lengths of several mm and often connected sister
KTs (Figure S4C), supporting the view that they represent
stretched centromere-related chromatin. To examine
a possible influence of tension on PICH-positive threads,(G) Wild-type and mutant GFP-PICH proteins were transfected into U2OS cells (left column), and these were counterstained with antibodies against
Plk1 (right column, [Gf]–[Gj]). Asterisks in (Gd) and (Gi) point to a GFP-PICH aggregate (see also [B]), to which Plk1 is recruited. Scale bar = 10 mm.Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 107
Figure 5. PICH-Positive Threads Are
Sensitive to DNAase and Require TopoII
for Resolution
(A) HeLa cells were treated for 24 hr with Sgo1
siRNA; permeabilized and incubated for 12 min
with buffer, RNase, or DNase (5 mg/ml) prior to
fixation; and stained with antibodies against
a-tubulin (green) and PICH (red). DNA was
stained with DAPI (blue). Scale bar = 10 mm.
(B) HeLa cells were treated for 36 hr with Mad2
siRNA; during the last 3 hr, the topoII inhibitor
ICRF-193 (20 mM) or DMSO was added. Cells
were then fixed and stained with antibodies
against CREST (green) and PICH (red). DAPI
shows DNA (blue). Scale bar = 10 mm.
(C) Cells were treated as described in (B), ex-
cept that they were costained for PICH (red)
and a-tubulin (green). DAPI shows DNA (blue).
Scale bar = 10 mm.Sgo1-depleted cells were incubated with paclitaxel, an in-
hibitor of MT dynamics that is frequently used to decrease
tension (Pinsky and Biggins, 2005). Under these condi-
tions, PICH-positive threads disappeared rapidly (Fig-
ure 4E), suggesting that thread formation and/or PICH re-
cruitment to threads is sensitive to alterations in tension.
Although PICH-positive threads could not be reliably
counterstained with DAPI over their entire lengths, DAPI
staining could often be seen at their ends (e.g.,
Figure 4Ad). Moreover, threads were sensitive to DNase
but not RNase treatment (Figure 5A), suggesting that
they contain DNA. Prompted by a previous study reporting108 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.that topoII is required for sister chromatid separation
during anaphase (Shamu and Murray, 1992), we asked
whether the resolution of PICH-positive threads requires
topoII activity. Experiments were performed in Mad2-
depleted cells to avoid the early mitotic arrest typically in-
duced by topoII inhibition (Toyoda and Yanagida, 2006).
Most remarkably, when DNA decatenation was inhibited
by application of the topoII inhibitor ICRF-193, PICH-
positive threads became very prominent (Figure 5B;
Figure S4D) and persisted until cytokinesis (Figure 5C).
Although surprising, the most straightforward interpreta-
tion of this result is that PICH associates with catenated
Figure 6. PICH Is Required for the Spin-
dle Assembly Checkpoint
(A) DAPI staining of HeLa cells treated for 48 hr
with a siRNA duplex targeting PICH (right) or
GL2 for control (left).
(B) Histogram illustrating time elapsed between
the beginning of chromosome condensation
and the onset of anaphase in cells treated for
approximately 36 hr with GL2 or PICH siRNA
duplexes. Data were collected by live-cell
imaging (n = 36 cells; 5 different movies; bars
indicate standard deviation).
(C) Representative stills illustrating mitotic pro-
gression in cells treated as described in (B).
Pictures were taken at the indicated time points
after the onset of chromosome condensation.
(D) To study the SAC response of cells treated
for 48 hr with PICH or GL2 siRNA duplexes, no-
codazole or monastrol was added during the
last 12 hr of the incubation. DNA morphology
was then analyzed by DAPI staining and immu-
nofluorescence microscopy, and cells were
classified as interphase cells, mitotically ar-
rested cells (indicative of a functional SAC), or
micronucleated cells (indicative of checkpoint
override). Histograms summarize the results
of three independent experiments (with at least
250 cells counted for every column in each ex-
periment); bars indicate the standard deviation.centromere-related DNA that stretches under tension
until decatenation by topoII causes its resolution during
anaphase.
PICH Is Required for SAC Signaling
To explore the function of PICH, siRNA knockdown exper-
iments were performed. Two distinct duplexes effectively
depleted PICH (Figure S2B) and produced virtually identi-
cal phenotypes. Compared to control-treated HeLa
cells (GL2), a 48 hr PICH knockdown resulted in aberrant
division and extensive micronucleation, indicating that
PICH is required for accurate chromosome segregation
(Figure 6A). To analyze this siRNA phenotype in more de-tail, a HeLa cell line stably expressing GFP-tagged histone
H2B was used for live-cell imaging as shown in Movies
S1–S4. Figure 6C shows stills from such movies, with
pictures taken at the indicated time points after the start
of chromosome condensation. Whereas control cells ex-
hibited the expected congression of chromosomes to a
metaphase plate, followed by the onset of anaphase
(Figure 6C, upper panel), PICH-depleted cells separated
their chromosomes without ever organizing them in
a metaphase plate (Figure 6C, lower panel). The average
time elapsed between the onset of chromosome conden-
sation and the onset of chromatid separation was 33 min
(range 22–90 min) for control cells, but only 19 min (rangeCell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 109
14–26 min) for PICH-depleted cells (Figure 6B). Because
the timing of anaphase onset is controlled by the SAC,
the above results strongly suggested that PICH is required
for SAC function. Indeed, as summarized in Figure 6D,
PICH-depleted cells were unable to undergo a mitotic ar-
rest in response to either nocodazole or monastrol, two
drugs commonly used to probe SAC function in response
to lack of MT attachment and/or tension (reviewed in Pin-
sky and Biggins, 2005).
Addition of the proteasome inhibitor MG132 to PICH-
depleted cells restored the formation of metaphase
plates, indicating that KT-MT interactions were not signif-
icantly impaired (Figure S5). Furthermore, none of 11 rep-
resentative KT/centromere proteins examined (Maiato
et al., 2004; Vagnarelli and Earnshaw, 2004) showed aber-
rant localizations in PICH-depleted cells, strongly arguing
against a general disruption of KT/centromere structure
(Figures 7A–7E; Figure S6). Of all proteins analyzed, only
Mad2 was selectively lost from the KTs of PICH-depleted
cells (Figure 7A), even though the abundance of Mad2 was
not affected (Figure 7C). Mad1, the binding partner of
Mad2 at the KT (Musacchio and Hardwick, 2002), was still
present, as were the two checkpoint kinases Bub1 and
BubR1 (Figures 7B–7E; Figures S6A and S6B; data not
shown). Nocodazole treatment restored Mad2 to KTs in
MG132-arrested control cells, but not in PICH-depleted
cells (Figure S6C), confirming that PICH is required for
the recruitment of Mad2 to KTs. Considering that Mad2
is a known inhibitor of the APC/C (Fang et al., 1998; Ma-
pelli et al., 2006; Yu, 2006) and that its loss from KTs often
correlates with impaired SAC function (Pinsky and Big-
gins, 2005), this protein plausibly constitutes one critical
component (albeit perhaps not the only one) through
which PICH exerts its specific effect on SAC signaling.
DISCUSSION
We describe PICH as a SAC component whose localiza-
tion to KTs and centromeres is controlled by the mitotic
kinase Plk1. The localization of PICH to conspicuous
threads that persist into anaphase raises provocative
questions as to the path of centromeric DNA and the tim-
ing of centromere decatenation. Specifically, the proper-
ties of PICH lead us to hypothesize that this ATPase asso-
ciates with catenated centromeric DNA, where it may act
as a tension sensor to monitor the bipolar attachment of
sister kinetochores.
PICH: A Mitotic Target of Plk1
Human PICH was identified as an interaction partner and
substrate of Plk1. Our data indicate that Plk1 prevents the
association of PICH with chromosome arms and restricts
its localization to the KT/centromere region. This role of
Plk1 in controlling PICH localization during prophase is
highly reminiscent of the function of this kinase in remov-
ing cohesins from chromatid arms (Hauf et al., 2005; Los-
ada et al., 2002; Sumara et al., 2002), raising questions as
to possible functional connections between PICH and co-110 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.hesins. Moreover, it will be interesting to determine what
mechanisms protect centromere-associated PICH from
Plk1 activity.
PICHDefines a Subclass of the SNF2Helicase Family
PICH clearly belongs to the SNF2 family of ATPases,
which share a catalytic core with the superfamily 2 of pre-
dicted helicases. Rather than acting as processive heli-
cases, members of this family utilize ATP hydrolysis to dis-
place proteins from chromatin (Becker and Horz, 2002),
translocate on double-stranded DNA (Svejstrup, 2003),
or generate superhelical torsion (Beerens et al., 2005;
Havas et al., 2000; Lia et al., 2006), consistent with roles
in chromatin remodeling, DNA recombination, and DNA
repair. We found that the N-terminal half of PICH, compris-
ing the extended helicase domain, was both necessary
and sufficient for KT/centromere localization, whereas
deletion of the PFD domain resulted in diffuse chromatin
association, underscoring its functional importance. Mu-
tation of the Walker A motif abolished chromatin associa-
tion altogether, suggesting that PICH associates with
DNA in an ATP-dependent fashion.
Evidence for PICH Localization to Catenated
Centromeric DNA
In addition to its concentration at KTs and inner centro-
meres, endogenous PICH was found to localize to striking
threads. These threads were difficult to visualize with DNA
stains or antibodies against other proteins (including top-
oII or the centromere-associated CENP-A or CENP-B;
data not shown), and, to the best of our knowledge, no
such threads have been reported in FISH experiments
with centromeric DNA probes. Yet PICH is predicted to
bind DNA, and several lines of evidence support the inter-
pretation that these unusual PICH-positive threads repre-
sent stretched chromatin. First, they became visible when
chromosomes underwent bipolar attachment during late
prometaphase and connected most pairs of sister KTs in
metaphase. Second, they increased in length and con-
comitantly decreased in number during anaphase. Third,
they could be removed by DNase treatment. Fourth,
they were exacerbated by depletion of Sgo1, indicating
that premature release of centromeric cohesin caused
their stretching. Finally, they persisted through telophase
when topoII activity was inhibited. Collectively, these
data point to the conclusion, albeit tentative, that PICH-
positive threads represent stretched and catenated cen-
tromere-related chromatin. The apparent persistence of
catenated DNA into anaphase is unexpected, but we em-
phasize that a requirement for topoII activity during ana-
phase has been reported previously (Shamu and Murray,
1992).
Human PICH Is an Essential Component of the SAC
As a consequence of PICH depletion, cells went through
mitosis without awaiting chromosome congression.
Moreover, they were unable to activate the SAC in re-
sponse to either nocodazole or monastrol. Although
Figure 7. PICH Depletion Causes Selective Loss of Mad2 Staining at KTs Rather Than Generalized KT Disruption
(A) HeLa cells were treated for 48 hr with PICH siRNA or GL2 control before the localization of the Cdc20 inhibitor Mad2 in PICH-depleted prome-
taphase-like cells was examined by immunofluorescence microscopy. DNA is stained by DAPI (blue). Scale bar = 10 mm.
(B) Cells were treated as in (A) and costained with antibodies against Mad1 and Mad2. Note that Mad1 persisted at KTs, while Mad2 was lost. (See
also Figure S6A.) DNA is stained by DAPI (blue). Scale bar = 10 mm.
(C) HeLa cells were treated for 42 hr with PICH siRNA or GL2 control and were arrested in mitosis by addition of MG132 during the last 3 hr. After
shakeoff, lysates were prepared and probed by western blotting with the indicated antibodies.
(D) Histograms show the KT staining intensities for the five indicated proteins in PICH-depleted cells relative to the GL2 samples (100%); bars indicate
standard deviations. For each protein, five different mitotic cells were analyzed using MetaMorph software, and intensity values in each cell were
measured at five representative KTs (normalized against five random positions in the cytoplasm).
(E) Summary of results for all proteins analyzed as described in (A). +, KT staining indistinguishable from GL2 control; , protein lost from KT.
(F) Working model describing the purported physiological function of PICH (see Discussion).Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 111
rescue experiments proved unreliable because of exten-
sive cell death induced by PICH overexpression (data
not shown), we are confident that the inability of PICH-de-
pleted cells to mount a SAC response reflects a direct role
of PICH in checkpoint signaling. First, PICH was mostly
cytoplasmic during interphase (Figure 2C), arguing
against an indirect mechanism due to a nuclear function
related to transcription, replication, or chromatin remodel-
ing. Second, the localization of many representative KT/
centromere proteins was not detectably affected by de-
pletion of PICH, indicating that PICH is not required for
generalized KT assembly. Third, PICH-depleted cells
were able to form metaphase plates when mitotic exit
was blocked by MG132, demonstrating that MT attach-
ment to KTs was not significantly impaired. Most impor-
tantly, PICH knockdown resulted in a specific loss of
Mad2 from KTs, indicating that this Cdc20 inhibitor most
likely represents a downstream mediator of PICH action.
Interestingly, the KT association of Mad1 was not detect-
ably influenced, suggesting that PICH regulates the
Mad2-Mad1 interaction (either directly or indirectly).
It may appear surprising that no obvious orthologs of
PICH could be identified in the genomes of yeast, Dro-
sophila, and Caenorhabditis. However, a PICH family
member is clearly detectable in both Dictyostelium and
Ciona (Figure 1B), suggesting that functional homologs
may be widespread amongst eukaryotes but escape de-
tection by bioinformatics algorithms. Considering that
some 2% of all Saccharomyces cerevisiae genes code
for helicase-related proteins (Shiratori et al., 1999), there
is no shortage for candidate PICH homologs in yeast,
and functional redundancy would readily explain why no
PICH homologs were identified in the original screens for
SAC components (Hoyt et al., 1991; Li and Murray, 1991).
A Working Model for PICH Function
According to current models, centromere-associated co-
hesins hold sister chromatids together until the extinction
of the SAC results in separase activation and cohesin
cleavage (Haering and Nasmyth, 2003). Furthermore, the
activity of the SAC is believed to be regulated through
MT attachment and/or tension developing at the KT-MT
interface (Pinsky and Biggins, 2005). Questions that re-
main largely unresolved concern the extent to which
DNA catenation contributes to sister chromatid cohesion
and the timing of topoII action at centromeres (Shamu
and Murray, 1992; Yanagida, 1995). The properties of
the PICH protein described here lead us to envision
a role for centromere-associated DNA in SAC regulation.
Analogous to the purported roles of other SNF2 family
members, it seems plausible that PICH may induce
changes in DNA topology or remodel centromeric chro-
matin. Additionally, PICH may respond to tension-depen-
dent alterations in DNA topology. Based on this premise,
we propose the following working model for PICH function
(summarized schematically in Figure 7F): During prometa-
phase, PICH accumulates at KTs and inner centromeres,
reflecting its regulation by Plk1. At this stage, PICH is re-112 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.quired to uphold conditions permissive for the production
of Mad2 protein at KTs, so that the SAC is on and the APC/
C is inhibited (Figure 7Fa). In response to bipolar attach-
ment, the catenated centromeric DNA is proposed to
stretch under tension, resulting in the formation of PICH-
positive threads connecting sister KTs. A tension-induced
change in PICH activity (and/or the recruitment of PICH
away from KTs) would then bring the production of inhib-
itory Mad2 protein to a halt, so that the SAC becomes ex-
tinct (Figure 7Fb). Finally, during anaphase, PICH function
is no longer coupled to SAC regulation, but PICH remains
associated with centromeric DNA threads until decatena-
tion is completed by topoII (Figure 7Fc). At this stage,
PICH may regulate the access of topoII and/or protect
stretched DNA from nonspecific rupture.
The key prediction of the above model is that catenated
centromere-related DNA provides a structural continuity
between sister kinetochores, thereby offering a platform
for the monitoring of tension by a DNA-bound enzyme.
The model further proposes PICH as a candidate tension
sensor on chromatin, similar to the recent proposal that
Sgo1 could function as a tension sensor at the KT-MT in-
terface (Indjeian et al., 2005). The two proposals are not
mutually exclusive since SAC signaling could conceivably
originate from both catenated DNA and the KT-MT inter-
face. A mechanistic understanding of PICH function and
concomitant testing of the above model will have to await
studies on the enzymology of this predicted ATPase. We
are confident that the discovery of PICH provides new op-
portunities for elucidating the hitherto elusive connections
between DNA catenation, sister chromatid cohesion, and
SAC regulation. Considering that both SNF2-related pro-
teins and SAC components have been linked to human
cancer (Kops et al., 2005; Owen-Hughes, 2006), it will
also be interesting to explore a possible relationship be-
tween PICH and the etiology of human disease.
EXPERIMENTAL PROCEDURES
Plasmids and Antibodies
Assembly of a cDNA coding for full-length PICH, plasmid construction,
and site-directed mutagenesis were carried out as described in Sup-
plemental Data. Coupled in vitro transcription/translations were car-
ried out using the Promega TNT T7 kit. Recombinant MBP-PICH pro-
tein was expressed in E. coli (strain JM109-RIL) and purified under
native conditions (QIAexpressionist system; QIAGEN). Antibodies
against full-length MBP-PICH-His were raised in rabbits (Charles River
Laboratories) and rats (in-house animal facility). All other antibodies
were described previously or obtained commercially (see Supplemen-
tal Data).
Immunofluorescence Microscopy and Live-Cell Imaging
Immunofluorescence microscopy was carried out as described in
Supplemental Data. For live-cell imaging, a HeLa S3 cell line stably ex-
pressing histone H2B-GFP was used. Following siRNA treatment, cells
were placed into CO2-independent medium and onto a heated stage
(37C). Live-cell imaging was performed using a Zeiss Axiovert 2 mi-
croscope equipped with a Plan Neofluar 603 objective. Metaview soft-
ware (Visitron Systems GmbH) was used to collect and process data.
Images were captured with 50 ms exposure times with 2 min intervals
for 16 hr.
Transient Transfections and siRNA
Plasmid transfections were performed using FuGENE 6 reagent
(Roche Diagnostics) according to the manufacturer’s instructions.
SiRNA duplexes were transfected using Oligofectamine (Invitrogen).
PICH was depleted using duplexes (QIAGEN) targeting two different
sequences, with identical results. For sequences, see Supplemental
Data.
Biochemical Assays
Coimmunoprecipitation experiments and mass spectrometry were
performed as described in Supplemental Data. In vitro phosphoryla-
tion of PICH by Cdk1 was carried out in a total volume of 20 ml
BRB80 kinase buffer (Stucke et al., 2004) for 30 min at 30C using
200 ng PICH, 100 ng Cdk1/cyclin B (Upstate), 1 mM ATP, 0.1 ml
[g-32P]ATP (3000 Ci/mmol; 10 mCi/ml). After stopping the kinase reac-
tions by addition of gel sample buffer, samples were resolved by 7.5%
SDS-PAGE and either subjected to autoradiography or transferred to
Hybond-C Extra membranes (Amersham Biosciences) for Far Western
blotting. Kinase reactions used in Far Western analyses were per-
formed under identical conditions except that [g-32P]ATP was omitted.
Far Western assays were performed using GST-tagged PBD (1 mg/ml)
for 6 hr at 4C followed by detection of bound protein with affinity-
purified rabbit anti-GST antibodies (Neef et al., 2003).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, six figures, and four movies and can be
found with this article online at http://www.cell.com/cgi/content/full/
128/1/101/DC1/.
ACKNOWLEDGMENTS
We thank F. Barr, U. Gru¨neberg, A. Hanisch, U. Klein, T. Mayer, A. Mu-
sacchio, R. Neef, H. Sillje´, and A. Uldschmid for reagents. We also
thank S. Hu¨mmer for help with live-cell imaging and F. Barr, P. Becker,
S. Elowe, S. Gasser, J. Hoeijmakers, K.-P. Hopfner, S. Hu¨mmer, U.
Klein, T. Mayer, J. Pines, O. Stemmann, and F. Uhlmann for helpful dis-
cussions. This work was supported by the Max Planck Society and the
‘‘Fonds der Chemischen Industrie.’’
Received: June 7, 2006
Revised: September 6, 2006
Accepted: November 2, 2006
Published: January 11, 2007
REFERENCES
Barr, F.A., Sillje, H.H., and Nigg, E.A. (2004). Polo-like kinases and
the orchestration of cell division. Nat. Rev. Mol. Cell Biol. 5, 429–440.
Becker, P.B., and Horz, W. (2002). ATP-dependent nucleosome
remodeling. Annu. Rev. Biochem. 71, 247–273.
Beerens, N., Hoeijmakers, J.H., Kanaar, R., Vermeulen, W., and Wy-
man, C. (2005). The CSB protein actively wraps DNA. J. Biol. Chem.
280, 4722–4729.
Ciferri, C., De Luca, J., Monzani, S., Ferrari, K.J., Ristic, D., Wyman, C.,
Stark, H., Kilmartin, J., Salmon, E.D., and Musacchio, A. (2005). Archi-
tecture of the human ndc80-hec1 complex, a critical constituent of the
outer kinetochore. J. Biol. Chem. 280, 29088–29095.
Cleveland, D.W., Mao, Y., and Sullivan, K.F. (2003). Centromeres and
kinetochores: from epigenetics to mitotic checkpoint signaling. Cell
112, 407–421.
DeLuca, J.G., Dong, Y., Hergert, P., Strauss, J., Hickey, J.M., Salmon,
E.D., and McEwen, B.F. (2005). Hec1 and nuf2 are core components of
the kinetochore outer plate essential for organizing microtubule
attachment sites. Mol. Biol. Cell 16, 519–531.Earnshaw, W.C., Halligan, B., Cooke, C.A., Heck, M.M., and Liu, L.F.
(1985). Topoisomerase II is a structural component of mitotic chromo-
some scaffolds. J. Cell Biol. 100, 1706–1715.
Eisen, J.A., Sweder, K.S., and Hanawalt, P.C. (1995). Evolution of
the SNF2 family of proteins: subfamilies with distinct sequences and
functions. Nucleic Acids Res. 23, 2715–2723.
Elia, A.E., Cantley, L.C., and Yaffe, M.B. (2003). Proteomic screen
finds pSer/pThr-binding domain localizing Plk1 to mitotic substrates.
Science 299, 1228–1231.
Fang, G., Yu, H., and Kirschner, M.W. (1998). The checkpoint protein
MAD2 and the mitotic regulator CDC20 form a ternary complex with
the anaphase-promoting complex to control anaphase initiation.
Genes Dev. 12, 1871–1883.
Flaus, A., Martin, D.M., Barton, G.J., and Owen-Hughes, T. (2006).
Identification of multiple distinct Snf2 subfamilies with conserved
structural motifs. Nucleic Acids Res. 34, 2887–2905.
Gasser, S.M., Laroche, T., Falquet, J., Boy de la Tour, E., and Laemmli,
U.K. (1986). Metaphase chromosome structure. Involvement of topoi-
somerase II. J. Mol. Biol. 188, 613–629.
Haering, C.H., and Nasmyth, K. (2003). Building and breaking bridges
between sister chromatids. Bioessays 25, 1178–1191.
Hanisch, A., Wehner, A., Nigg, E.A., and Sillje, H.H. (2006). Different
Plk1 functions show distinct dependencies on Polo-Box domain-
mediated targeting. Mol. Biol. Cell 17, 448–459.
Hauf, S., Roitinger, E., Koch, B., Dittrich, C.M., Mechtler, K., and
Peters, J.M. (2005). Dissociation of cohesin from chromosome arms
and loss of arm cohesion during early mitosis depends on phosphory-
lation of SA2. PLoS Biol. 3, e69.
Havas, K., Flaus, A., Phelan, M., Kingston, R., Wade, P.A., Lilley, D.M.,
and Owen-Hughes, T. (2000). Generation of superhelical torsion by
ATP-dependent chromatin remodeling activities. Cell 103, 1133–1142.
Hoyt, M.A., Totis, L., and Roberts, B.T. (1991). S. cerevisiae genes
required for cell cycle arrest in response to loss of microtubule func-
tion. Cell 66, 507–517.
Indjeian, V.B., Stern, B.M., and Murray, A.W. (2005). The centromeric
protein Sgo1 is required to sense lack of tension on mitotic chromo-
somes. Science 307, 130–133.
Jang, Y.J., Lin, C.Y., Ma, S., and Erikson, R.L. (2002). Functional stud-
ies on the role of the C-terminal domain of mammalian polo-like kinase.
Proc. Natl. Acad. Sci. USA 99, 1984–1989.
Kitajima, T.S., Sakuno, T., Ishiguro, K., Iemura, S., Natsume, T., Kawa-
shima, S.A., and Watanabe, Y. (2006). Shugoshin collaborates with
protein phosphatase 2A to protect cohesin. Nature 441, 46–52.
Kops, G.J., Weaver, B.A., and Cleveland, D.W. (2005). On the road to
cancer: aneuploidy and the mitotic checkpoint. Nat. Rev. Cancer 5,
773–785.
Lamb, J.R., Tugendreich, S., and Hieter, P. (1995). Tetratrico peptide
repeat interactions: to TPR or not to TPR? Trends Biochem. Sci. 20,
257–259.
Li, R., and Murray, A.W. (1991). Feedback control of mitosis in budding
yeast. Cell 66, 519–531.
Li, X., and Nicklas, R.B. (1995). Mitotic forces control a cell-cycle
checkpoint. Nature 373, 630–632.
Lia, G., Praly, E., Ferreira, H., Stockdale, C., Tse-Dinh, Y.C., Dunlap,
D., Croquette, V., Bensimon, D., and Owen-Hughes, T. (2006). Direct
observation of DNA distortion by the RSC complex. Mol. Cell 21,
417–425.
Losada, A., Hirano, M., and Hirano, T. (2002). Cohesin release is re-
quired for sister chromatid resolution, but not for condensin-mediated
compaction, at the onset of mitosis. Genes Dev. 16, 3004–3016.
Lowery, D.M., Lim, D., and Yaffe, M.B. (2005). Structure and function
of Polo-like kinases. Oncogene 24, 248–259.Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc. 113
Maiato, H., DeLuca, J., Salmon, E.D., and Earnshaw, W.C. (2004). The
dynamic kinetochore-microtubule interface. J. Cell Sci. 117, 5461–
5477.
Mapelli, M., Filipp, F.V., Rancati, G., Massimiliano, L., Nezi, L., Stier,
G., Hagan, R.S., Confalonieri, S., Piatti, S., Sattler, M., and Musacchio,
A. (2006). Determinants of conformational dimerization of Mad2 and its
inhibition by p31comet. EMBO J. 25, 1273–1284.
Musacchio, A., and Hardwick, K.G. (2002). The spindle checkpoint:
structural insights into dynamic signalling. Nat. Rev. Mol. Cell Biol. 3,
731–741.
Neef, R., Preisinger, C., Sutcliffe, J., Kopajtich, R., Nigg, E.A., Mayer,
T.U., and Barr, F.A. (2003). Phosphorylation of mitotic kinesin-like pro-
tein 2 by polo-like kinase 1 is required for cytokinesis. J. Cell Biol. 162,
863–875.
Nicklas, R.B., Ward, S.C., and Gorbsky, G.J. (1995). Kinetochore
chemistry is sensitive to tension and may link mitotic forces to a cell
cycle checkpoint. J. Cell Biol. 130, 929–939.
Nigg, E.A. (2001). Mitotic kinases as regulators of cell division and its
checkpoints. Nat. Rev. Mol. Cell Biol. 2, 21–32.
Owen-Hughes, T. (2006). The role of Snf2-related proteins in cancer.
Ernst Schering Res. Found. Workshop 57, 47–59.
Peters, J.M. (2002). The anaphase-promoting complex: proteolysis in
mitosis and beyond. Mol. Cell 9, 931–943.
Pines, J. (2006). Mitosis: a matter of getting rid of the right protein at the
right time. Trends Cell Biol. 16, 55–63.
Pinsky, B.A., and Biggins, S. (2005). The spindle checkpoint: tension
versus attachment. Trends Cell Biol. 15, 486–493.
Riedel, C.G., Katis, V.L., Katou, Y., Mori, S., Itoh, T., Helmhart, W.,
Galova, M., Petronczki, M., Gregan, J., Cetin, B., et al. (2006). Protein
phosphatase 2A protects centromeric sister chromatid cohesion
during meiosis I. Nature 441, 53–61.
Rieder, C.L., Schultz, A., Cole, R., and Sluder, G. (1994). Anaphase
onset in vertebrate somatic cells is controlled by a checkpoint that
monitors sister kinetochore attachment to the spindle. J. Cell Biol.
127, 1301–1310.
Rieder, C.L., Cole, R.W., Khodjakov, A., and Sluder, G. (1995). The
checkpoint delaying anaphase in response to chromosome monoor-
ientation is mediated by an inhibitory signal produced by unattached
kinetochores. J. Cell Biol. 130, 941–948.
Salic, A., Waters, J.C., and Mitchison, T.J. (2004). Vertebrate shu-
goshin links sister centromere cohesion and kinetochore microtubule
stability in mitosis. Cell 118, 567–578.114 Cell 128, 101–114, January 12, 2007 ª2007 Elsevier Inc.Seong, Y.S., Kamijo, K., Lee, J.S., Fernandez, E., Kuriyama, R., Miki,
T., and Lee, K.S. (2002). A spindle checkpoint arrest and a cytokinesis
failure by the dominant-negative polo-box domain of Plk1 in U-2 OS
cells. J. Biol. Chem. 277, 32282–32293.
Shamu, C.E., and Murray, A.W. (1992). Sister chromatid separation
in frog egg extracts requires DNA topoisomerase II activity during
anaphase. J. Cell Biol. 117, 921–934.
Shiratori, A., Shibata, T., Arisawa, M., Hanaoka, F., Murakami, Y., and
Eki, T. (1999). Systematic identification, classification, and character-
ization of the open reading frames which encode novel helicase-
related proteins in Saccharomyces cerevisiae by gene disruption
and Northern analysis. Yeast 15, 219–253.
Stern, B.M., and Murray, A.W. (2001). Lack of tension at kinetochores
activates the spindle checkpoint in budding yeast. Curr. Biol. 11, 1462–
1467.
Stucke, V.M., Baumann, C., and Nigg, E.A. (2004). Kinetochore local-
ization and microtubule interaction of the human spindle checkpoint
kinase Mps1. Chromosoma 113, 1–15.
Sumara, I., Vorlaufer, E., Stukenberg, P.T., Kelm, O., Redemann, N.,
Nigg, E.A., and Peters, J.M. (2002). The dissociation of cohesin from
chromosomes in prophase is regulated by Polo-like kinase. Mol. Cell
9, 515–525.
Svejstrup, J.Q. (2003). Rescue of arrested RNA polymerase II com-
plexes. J. Cell Sci. 116, 447–451.
Tang, Z., Shu, H., Qi, W., Mahmood, N.A., Mumby, M.C., and Yu, H.
(2006). PP2A is required for centromeric localization of Sgo1 and
proper chromosome segregation. Dev. Cell 10, 575–585.
Toyoda, Y., and Yanagida, M. (2006). Coordinated requirements of
human topo II and cohesin for metaphase centromere alignment under
Mad2-dependent spindle checkpoint surveillance. Mol. Biol. Cell 17,
2287–2302.
Uhlmann, F., Wernic, D., Poupart, M.A., Koonin, E.V., and Nasmyth, K.
(2000). Cleavage of cohesin by the CD clan protease separin triggers
anaphase in yeast. Cell 103, 375–386.
Vagnarelli, P., and Earnshaw, W.C. (2004). Chromosomal passengers:
the four-dimensional regulation of mitotic events. Chromosoma 113,
211–222.
Yanagida, M. (1995). Frontier questions about sister chromatid sepa-
ration in anaphase. Bioessays 17, 519–526.
Yu, H. (2006). Structural activation of Mad2 in the mitotic spindle
checkpoint: the two-state Mad2 model versus the Mad2 template
model. J. Cell Biol. 173, 153–157.
